Connexin43 (CX43), encoded by Gja1 in the mouse, is highly expressed in decidual cells and is known to be important for the transformation of stromal cells into the compact decidua and for neoangiogenesis. Here we investigated if the dominant Gja1 Jrt
INTRODUCTION
The decidualization process of the endometrial stroma in response to an implanting blastocyst is accompanied by neoangiogenesis to establish a network of vessels and sinusoids within the compact decidual tissue to support placental development and placental growth. Indeed, the first sign of an implantation reaction in rodents is increased microvascular permeability at the implantation site [1, 2] . Leakiness of the microvessels [3] , as well as induction of angiogenesis in the uterus, is regulated via estrogen and progesterone [4] . Angiogenesis does not occur randomly within the decidua but is regionalized with most of the sinusoid-like vessels extending from the myometrium toward the ectoplacental cone of the embryo, enclosed between the mesometrial and antimesometrial part of the decidua. This intermediate zone of the decidua remains undifferentiated, probably by expressing pERK [5] . Occurring simultaneously with the decidualization process, angiogenesis allows for significant remodeling of the vasculature surrounding the implanted embryo, supporting embryonic and placental growth.
Although both processes, decidualization and angiogenesis, are known to be influenced by estrogen and progesterone, the underlying molecular pathways remain poorly understood. Gap junctional communication among the decidual cells is thought to be one underlying factor. Connexin43 (CX43) is the major gap junction protein in the female reproductive tract, where it plays numerous fundamental roles in female reproduction [6] [7] [8] . In mouse decidual cells, it is upregulated by estrogen [9] , where it plays an important role in decidual angiogenesis as evidenced by the finding that conditional deletion of the Gja1 gene encoding CX43 in the uterine stroma impaired decidualization, an outcome that was accompanied by reduced angiogenic factors, such as VEGF and angiopoietin, resulting in embryonic loss during early pregnancy [10] .
In order to further explore the role of CX43 in the decidua, we characterized the effects of a structural mutation encoded by the Gja1
Jrt allele, one that causes the CX43 protein to have a glycine-to-serine substitution at residue 60 (CX43 G60S ) in the first extracellular loop [11] . The Gja1
Jrt allele is inherited in dominant fashion, and heterozygous cells suffer a severe (much more than 50%) reduction of gap junctional conductance, indicating a dominant-negative effect of the mutant protein on wild-type (WT) CX43 [11] . Gja1
Jrt /þ mice display several diagnostic features of the human dysmorphogenesis syndrome oculodentodigital dysplasia (ODDD), caused by mutations in the cognate human gene GJA1 [12] . As described previously, female mice (''G60S females'') carrying this dominant mutation are fertile but give birth to smaller-than-normal litters due to effects of the mutation on ovarian folliculogenesis, ovulation, and parturition. G60S females have fewer than half the number of late antral follicles typically seen in the ovaries of WT littermates, ovulate fewer than half the WT number of oocytes in response to hormonal stimulation and after mating with WT males, and produce fewer than half the expected number of full-term pups, some of which fail to be expelled from the uterus during parturition due to weakness of uterine contractions [13, 14] . These offspring deficits reflect defects in both the ovary and the full-term uterus of G60S females.
The rationale for the present study was that litters born of G60S mothers in our colony also suffer ;80% postnatal loss of pups in contrast to those born of WT mothers, where a loss rate of ;25% is typical, suggesting that the surviving pups of G60S dams are intrinsically less viable than those of WT dams. Part of this condition is due to impaired mammary gland development in the G60S dams [15] . However, given the fact that CX43 is strongly expressed in the decidua [16] , we hypothesized that impaired decidualization resulting in aberrant placental function, which impairs fetal growth, is an additional contributor to postnatal mortality.
MATERIALS AND METHODS

Mice
All animal work was conducted with the approval of the Animal Use Subcommittee of the University Council on Animal Care at the University of Western Ontario and was in accordance with the International Guiding Principles for Biomedical Research Involving Animals as disseminated by the Society for the Study of Reproduction. The Gja1 Jrt /þ mouse line [11] was provided by the Centre for Modeling Human Disease, University of Toronto (Toronto, ON). The original mice were on a mixed C57BL/6J and C3H/HeJ background, but for the present experiments the line was backcrossed to C57BL/6J for up to four generations. Genotypes of offspring were determined by polymerase chain reaction (PCR) as described by Flenniken et al. [11] . Mice were housed under controlled lighting (12L:12D) and temperature conditions. Mutant implantation sites were generated by crossing mutant (Gja1 Jrt /þ) females with WT males and mutant (Gja1 Jrt /þ) males with WT females such that roughly half of implanting embryos were expected to be WT with the remainder being mutant whether implanting into mutant or WT uteri. These were compared with implantation sites of WT females mated with WT males. 
Collection and Genotyping of Implantation Chambers
For morphological investigations, implantation chambers from mice at Embryonic Days (ED) 5.5, 6.5, 7.5, and 9.5 were carefully dissected from uteri. Implantation chambers were directly frozen in liquid nitrogen or fixed in 4% paraformaldehyde in PBS (pH 7.4) for 24 h at 48C before paraffin embedding. Serial sections were either stained with hematoxylin and eosin or processed for immunohistochemistry. For genotyping, selected portions (embryonic vs. uterine tissue) of parallel unstained sections were scraped from the slides using a sterile 30-gauge hypodermic needle and processed for PCR. In brief, 1 ml of xylene was added to each scraping, which was then heated to 508C for 3 min. Following centrifugation (2 min at 12 000 3 g), the xylene was removed, leaving a tissue pellet that was washed with 100% ethanol and vacuum dried. The tissue was digested in 20 ll proteinase K buffer (20 mM Tris, pH 8.3, 0.5% Tween 20, 2.5 mM MgCl 2 , 50 mM KCl) with proteinase K (1 mg/ml; Life Technologies, Burlington, ON) overnight at 578C. The digested samples were used undiluted for PCR (2-ll template/20-ll reaction) to amplify genomic sequence in the region of the G60S mutation. PCR products were digested with Bcn1 (Fermentas, Burlington, ON), which does not cut the mutant amplicon, and then analyzed by gel electrophoresis.
Immunohistochemistry
Deparaffinized sections were used for immunostaining. Endogenous peroxidase was blocked with H 2 O 2 in methanol (1 ml methanol/25 ll H 2 O 2 ) followed by boiling with citrate buffer for 10 min for antigen retrieval. After blocking with bovine serum albumin, sections were incubated overnight at 48C with either rat anti-CD31 (1:20; Dianova, Hamburg, Germany), rabbit anticytokeratin 18 (1:350; Santa Cruz Biotechnology, Dallas, TX), rabbit anti-VEGFA (1:200; Santa Cruz Biotechnology), rabbit anti-FLT1 (FLT1; 1:200; Santa Cruz Biotechnology), or rabbit anti-KDR (KDR; 1:200; Cell Signaling Technology, Inc., Danvers, MA). Bound primary antibody was visualized using the Vectastain ABC kit (Vector Laboratories Inc., Burlingame, CA) according to the manufacturer's protocol using the appropriate anti-rat or anti-rabbit Ig as secondary antibody. NK cells were identified by Dolichos biflorus agglutinin (DBA) lectin/PAS dual staining using the protocol previously described by Zhang et al. [17] . DBAþPASþ cells were enumerated in histological sections in the mesometrial region of the decidua (MD) on three to five sections per implantation site using a light microscope (Axiophot; in 10 microscope fields at 4003 magnification), and photographs were taken with an Axio Cam HRc. Photo documentation was performed using the digital image analysis system Spot advanced software, version 8.6 (Visitron Systems). Analysis was performed by two independent researchers who were blinded with respect to mouse genotype. 
Immunofluorescence
Indirect immunofluorescence was performed on 7-lm cryostat sections of implantation chambers on ED 6.5 as described previously [18] using polyclonal rabbit anti-CX43 (1:50; Sigma-Aldrich) and Alexa 488-conjugated anti-rabbit IgG (1:200; Invitrogen) as secondary antibody. The sections were mounted with Mowiol (Sigma, Munich, Germany) and were studied using a confocal laser-scanning microscope (LSM 510; Zeiss, Oberkochen, Germany).
Morphometric Analysis
Morphometric analysis was performed on serial sections taken from the middle of implantation chambers. A minimum of three sections from three different implantation chambers from each of three different dams was investigated using an Axiophot microscope (Zeiss, Jena, Germany). The area covered by the sinusoids of CD31-stained sections was measured using the software ''NIS Elements,'' version BR 2.4 (Nikon, Düsseldorf, Germany).
Western Blot Analysis
Protein extracts were prepared from single implantation chambers of ED 6.5 pregnant mice by homogenization with NETN lysis buffer (20 mM Trisbase, pH 8, 100 mM NaCl, 0.4% NP-40, 1 mM EDTA) supplemented with EDTA-free complete protease inhibitors and PhosSTOP phosphatase inhibitor cocktail (Roche, Penzberg, Germany). Protein content was determined using the Roti-Quant protein assay (Carl Roth, Karlsruhe, Germany). Protein samples (30 lg) were separated on 7%-12% polyacrylamide gradient gels and electrophoretically transferred to nitrocellulose membrane (Amersham Biosciences, Piscataway, NJ). The analysis of protein expression is described in Yang et al. [19] . The following primary antibodies were used: polyclonal rabbit anti-VEGFA (Reliatech, Wolfenbüttel, Germany), rabbit anti-FLT1 (Santa Cruz Biotechnology), mouse anti-desmin (Sigma-Aldrich), rabbit anti-CX43, rabbit anti-KDR (Cell Signaling Technology), rabbit anti-FGF2 (Santa Cruz Biotechnology), and rabbit anti-b-actin (Sigma Aldrich; used for normalization of protein expression). Secondary horseradish peroxidaseconjugated antibodies were purchased from Santa Cruz Biotechnology. Detection was achieved with the SuperSignal West Dura Chemiluminescent Substrate (Thermo Fisher Scientific, Bonn, Germany) according to the protocol using X-ray films (Kodak, Stuttgart, Germany). The relative expression levels of the angiogenic factors VEGFA, FLT1, and FGF2 as well as the decidual marker desmin in Western blots was quantified using the densitometric analysis software TINA 2.09 (Raytest; Straubenhardt, Germany). The relative expression level of the angiogenic markers and desmin was divided by the level of b-actin.
RT-PCR
Total RNA was isolated from individual implantation chambers of ED 6.5 pregnant mice using the RNeasy Midi-Kit (Qiagen, Toronto, ON) or using the Trizol method with the PureLink Micro-to-Midi System (Life Technologies) according to the manufacturer's instructions. For standard RT-PCR, the RNA was reverse transcribed and amplified as described previously [20] .
PCR was carried out using primers specific for Flt1, Kdr, and Actb (see Table 1 for primer details), and the purified PCR products were used as standards for quantitative RT-PCR. To compare transcript levels of Angpt2, Angpt4, Tek, Vegfa, Fgf 2, Des, Bmp2, Prl4a1, Prl6a1, and Prl8a2 between WT and mutant implantation sites, quantitative real-time RT-PCR (qPCR) was carried out using the Express SYBR GreenER Reagent (Life Technologies) and employing a Bio-Rad CFX96 Real-Time System (Bio-Rad Laboratories, Hercules, CA). The PCR reactions were carried out in triplicate in a final volume of 10 ll with Hprt as the internal standard. To compare transcript levels of Flt1, Kdr, and Actb, the Master Green SYBR Green reagent and the ABI Prism 7300 sequence detection system (Applied Biosystems, Weiterstadt, Germany) were used. The PCR reactions were carried out in triplicate in a final volume of 20 ll with Actb as internal standard [20] .
Statistical Analysis
Statistical analysis of both the densitometric data from the Western blots and the qRT-PCR results was performed by means of SPSS 16.0 software using the Mann-Whitney U-test for nonparametric independent two-group comparisons. A P-value of 0.05 was considered to be statistically significant. Comparison of relative transcript levels (qPCR data) between implantation chambers of the two genotypes was carried out using a two-tailed unpaired ttest, with a P-value below 0.05 indicating significance. NK cell numbers were analyzed by one-way analysis of variance followed by Tukey's multiple comparison test.
RESULTS
Effect of Maternal Genotype on Fetal Growth
In order to distinguish the roles of maternal and fetal genotypes in the development of late gestation fetuses developing in G60S females, crosses were set up so that G60S and WT dams were each carrying a mixture of G60S and WT fetuses. The fetuses were dissected out of the uteri on Gestational Day 17.5 and weighed. As summarized in Table 2 , the mean weight of fetuses did not significantly differ with respect to fetal genotype when removed from either WT or mutant uteri, although the mean weight of fetuses removed from WT dams (0.830 6 0.132 g) was significantly (P , 0.0001) greater than that from mutant dams (0.688 6 0.101 g). These data clearly showed that fetal growth is strongly affected by maternal genotype but not significantly affected by fetal genotype, implicating the maternal contribution to the placenta EFFECT OF CX43 MUTATION ON DECIDUAL ANGIOGENESIS rather than the embryonic contribution as the determining factor.
Effect of Maternal Genotype on Placental Development
To determine if impaired placental development contributed to the reduced weight of pups from G60S dams, we investigated the implantation chambers from ED 5.5 onwards. On ED 6.5 shortly after interstitial implantation, an obvious change in the distribution and caliber of the maternal decidual sinusoids could be observed in the mutants (Fig. 1) . The sinusoids, which extend predominantly in the intermediate zone toward the ectoplacental cone from the mesometrial to the antimesometrial pole of the decidua, appeared to be dilated in comparison to those in WT dams (compare Fig. 1A with 1C) . This phenomenon was confirmed by immunostaining of the endothelial cell marker CD31, revealing an irregular pattern of sinusoids around the mutant placental anlage (compare Fig. 1B  and 1D ). The enlargement of the sinusoids was further enhanced on ED 7.5 (compare Fig. 2 , A-D with 2, E-H). The mutant decidual tissue on ED7.5 displayed an increasing number of dilated sinusoids that were no longer restricted to the intermediate zone as compared with the decidua of WT dams, extending over almost the entire mesometrial area (Fig. 2, A  and E) . Again, this disorganized pattern could be more clearly demonstrated by CD31 staining (Fig. 2, B, D, F, and H) . In correlation with the abnormal vessel pattern, the trophoblast cells of the mutant placental anlage, which are normally shaped like a cone with a peak toward the closing uterine lumen as revealed by cytokeratin 18 (CK) immunostaining in Figure 2C , appeared as a broad belt revealing a lateral invasion direction of the trophoblast cells into the decidua (Fig. 2G) . Morphometric analysis of the decidual area covered by the sinusoidlike vessels at ED 7.5 revealed greater than a twofold increase (mean 5.8 mm 2 in WT animals vs. 11.4 mm 2 in the mutants related to the decidual areas measured). Interestingly, the decidualization process itself, indicated morphologically by the size and the appropriate formation of the antimesometrial and mesometrial decidual compartments, had similar features. For example, the differentiation of stromal cells into large epitheloid decidual cells did not appear to be affected.
At the start of chorioallantoic placenta development on ED 9.5, more than 80% of the embryos implanting in mutant uteri, regardless of their own genotype, developed an impaired orientation of the placenta into the decidua (Fig. 3) . Instead of a midline invasion into the central canal as seen in the WT (Fig.  3A) , a laterally orientated expansion of the trophoblast and giant cells into the decidua (Fig. 3B ) was observed. Despite this, the trophoblast lineage development was normal and stage specific, and the placenta showed early stages of development of labyrinthine, spongiotrophoblast, and giant cells (Fig. 3B) .
Gene Expression Changes in Mutant Implantation Chambers
It has been shown in other tissues that the G60S mutant of CX43 has a dominant negative effect, with CX43 G60S coassembling with WT CX43 in heterozygotes. This reduces total CX43 in cells and alters its localization, which is normally in gap junction plaques in apposed membranes, to a predominately intracellular location [11, 13, 14] . Given this information, it was of interest to explore the distribution of CX43 in G60S mutant implantation chambers. In WT implantation chambers, the decidual tissue exhibited strong punctate CX43 immunostaining at the membrane contact regions (Fig. 4, A and C) . In contrast, immunofluorescence analysis of G60S implantation chambers revealed a change toward a diffuse intracellular localization concentrated around the nucleus (Fig. 4, B and D) , and Western blotting confirmed downregulation of the protein (Fig. 4, E and F) .
To evaluate the consequences of the mutation on gene expression, specific transcripts from ED 6.5 WT and mutant implantation chambers-the earliest stage where obvious 
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morphological changes were noted-were quantified using qRT-PCR (Fig. 5) . Because of the apparent enhancement of angiogenesis in the mutant decidua, our interest was initially directed to genes known to be involved in this process [21] . Both Vegfa transcripts were significantly elevated in the mutant implantation chambers. This was correlated with significantly elevated levels of Flt1, encoding vascular endothelial growth factor receptor-1 and Kdr, encoding vascular endothelial growth factor receptor-2. Fgf2 transcripts were also significantly increased in the mutant chambers. In contrast, no significant differences between maternal genotypes were found in the relative transcript levels of the angiopoietin-encoding genes Angpt2 and Angpt4 or of the angiopoietin receptorencoding gene Tek. Among the transcripts of other genes that had been shown to be important in the decidualization process [22, 23] , mutant and WT chambers did not differ significantly in their expression of Des (encoding desmin) or Bmp2 (Fig. 6) . However, transcripts of the prolactin gene family showed interesting alterations in their profiles: transcripts encoding PRL8A2, the decidual/trophoblast prolactin-related protein that is abundantly expressed in the decidua [24] , were reduced in the mutant; those encoding the prolactin PRL4A1, which is believed to regulate NK cells, did not differ quantitatively between maternal genotypes; and those encoding PRL6A1 (formerly called PRLPB), which is thought to regulate blood vessel development [25] , were significantly upregulated.
To confirm that the observed changes in transcript levels were reflected in changes at the protein level, Western blotting was carried out on mutant and WT implantation chambers. As represented in Figure 7 , VEGFA as well as the corresponding receptor FLT1 were significantly elevated in the G60S chambers. Consistent with the transcript data, there was no change in the level of the differentiation marker desmin. Interestingly, in contrast to its mRNA, KDR (data not shown) and FGF2 were not significantly elevated in the mutant. Immunohistochemistry was then performed to explore the distributions of the key proteins VEGFA, FLT1, and KDR in the mutant implantation chambers. As shown in Figure 8A , VEGFA in WT chambers is found predominantly in the intermediate zone between the mesometrial and antimesometrial decidua and at the mesometrial decidua. In G60S chambers, a strong homogeneous staining of VEGFA was found in the mesometrial as well as the antimesometrial side of the complete decidua except in the primary decidual zone (Fig.  8D) . FLT1 showed strong expression in both genotypes (Fig. 8,  B and E) but like its ligand, the mutant exhibited an enhanced and ubiquitous expression that omits the primary decidua. For KDR, the staining was very weak in both WT and mutant decidua, but the distribution pattern was comparable to FLT1, with stronger staining in the mutant chambers (Fig. 8, C and F) . In contrast to the WT, KDR expression was seen to be strong in the G60S glandular uterine epithelium adjacent to the implantation chamber (Fig. 8G) . Taken together, immunohistochemistry showed stronger expression of the proangiogenic factors and a more uniform localization pattern in G60S decidua.
Presence of uNK Cells in Mutant Implantation Chambers
It is well established that uNK cells are important for regulating decidual angiogenesis [26] ; therefore, NK cells were immunostained on ED 6.5 and 7.5. NK cells were exclusively located in the mesometrial decidua in both WT and G60S mice and depicted a low number in the mutant implantation chambers on ED 6.5 (Fig. 9) .
DISCUSSION
In this study, the finding that fetuses of dams heterozygous for the Gja1 mutation encoding CX43
G60S have a significant reduction in prenatal weight challenged us to investigate implantation and placental development in this mutant strain. The results identified a maternal specific (i.e., embryo genotype-independent) effect on placentation in the mutant FIG. 5. Expression of transcripts encoding angiogenic factors in implantation sites at ED 6.5. Both VegfA transcript variants along with transcripts of Flt1 and Kdr encoding the VEGF receptors were upregulated in the decidua of the G60S mice, along with transcripts encoding FGF2. In contrast, transcripts of Angpt2, Angp4, and Tek (encoding the corresponding receptor) remained unchanged. The data represent the means of three independent quantifications and the bars indicate SEM. *P , 0.05, significant versus WT decidua.
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that is likely caused by abnormal vascularization of the decidua.
The ability of endometrial stromal cells to decidualize in association with the growth of the vascular network is critical for successful pregnancy. This transforming process is governed by a body of genes that are regulated mostly by the ovarian steroid hormones P and E [27] . Gja1 is among the genes that are well defined as being regulated by E: Gja1 transcripts and CX43 increase in abundance in response to E in the stromal compartment of the uterus during early pregnancy and, in addition, in response to unknown signals of the implanting embryo during decidualization [9] . The highly expressed CX43 in the decidua not only represents a marker for decidual differentiation but also is responsible for appropriate decidualization and decidual angiogenesis as shown by conditional knockout of the Gja1 gene [10] .
Prior to the present study, it was shown that mice expressing the CX43 G60S mutant suffer a reduction in gap junctional coupling in a variety of other cell types of the female reproductive system. This indicated that the mutant form of the connexin dominantly inhibits the function of coexpressed WT CX43, presumably by forming heteromeric (mutant/WT) membrane channels [11, [13] [14] [15] . Our results are consistent with these previous findings in that we found a clear reduction of total CX43 within the decidua of G60S mutant females as well as aberrant intracellular localization, with few visible gap junction plaques at the membrane contact regions. This pattern indicates an impairment of posttranslational modification and/ or trafficking of the CX43 protein. Although the properties of G60S mutant gap junction channels have not been examined in decidual cells, we would expect that CX43 G60S fails to establish functional membrane channels as shown by McLachlan et al. [28] and Tong et al. [13, 14] in osteoblasts, granulosa cells, and myometrial cells, respectively. Several studies have reported that ablation of one connexin isoform can influence the expression of other connexins in various cell types [29] [30] [31] , but the molecular mechanisms that govern the inhibitory effect of the mutant on phosphorylation and trafficking of the WT connexin remain undefined.
In contrast to Laws et al. [10] , who found a reduction in decidual differentiation combined with failure of implantation on the complete loss of CX43 from the mouse endometrial stroma, we did not observe an obvious morphological alteration in the decidua of G60S mutants. This morphological observation is supported by the lack of change in expression of the gene encoding desmin, a marker for decidual differentiation. There was, however, no significant change in Bmp2 expression in the decidua of the G60S mutant. In contrast, Bmp2 expression is strongly decreased in underdeveloped decidua lacking CX43 [10] , and ablation of Bmp2 is known to result in complete failure of decidual gene expression, including Wnt and progesterone receptor signaling [32] . In addition, Prl8a2, the highly expressed decidual/prolactinrelated protein gene, was significantly reduced in CX43 G60S mutant decidua, indicating a reduction of the capacity for decidual endocrine function. Taken together, although there was no obvious morphological effect on decidual differentiation in G60S implantation sites, some markers provided evidence for slight reductions in differentiation ability and endocrine function.
The most obvious finding of our study was hypervascularization of the decidua in the G60S mutant dams. This result is in contrast to the findings by Laws et al. [10] , who showed that a loss of neoangiogenesis correlated with reduced production Of the prolactin family transcripts tested, only the transcript level of Prl6a1 was significantly upregulated in the mutant, whereas that of Prl8a2 was decreased, with no difference in Prl4a1 between genotypes. The data represent the means of three independent quantifications, and the bars indicate SEM. *P , 0.05, significant versus WT decidua.
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of the key angiogenic factors in the undifferentiated decidua on tissue-specific deletion of the Gja1 gene. Although we observed a decrease in CX43 and gap junctional plaque formation in the G60S implantation sites, decidual angiogenesis was enhanced. Moreover, sinusoids were also dilated and arranged in an irregular pattern at the mesometrial side of the decidua on ED 6.5 and 7.5. This phenotype was accompanied by significantly enhanced expression of Vegfa, Flt1, Kdr, and Ffg2 transcripts but not changes in transcripts encoding angiopoietin proteins 2 and 4 or their receptor. The levels of VEGFA and the corresponding receptor FLT1 reflect the elevated transcript levels, but for KDR, no clear change was observed. This could be explained by the very low amount of this receptor found in the decidua, which is expressed mainly in the uterine glandular epithelium. Recently, KDR (but not FLT1 or VEGFR3) was shown to be crucial for decidual angiogenesis because the application of antibody against this protein resulted in reduced angiogenesis accompanied by loss of embryos on ED 10.5 [33] . In our system, FLT1 but not KDR seems to play the key role for the enhanced angiogenesis associated with the mutant CX43.
Srivastava et al. [34] reported that Fgf 2 transcripts are localized predominantly in the mesometrial decidua, whereas Vegf is expressed in both compartments and thus could be responsible for this regionalized angiogenesis in the decidua. Although we found an upregulation of Fgf 2 transcripts in the mutant, none of the three isoforms of FGF2 were increased. Thus, FGF2 could not be responsible for this high mesometrial angiogenesis; rather, the elevated VEGFA level in combination with increased FLT1 expression in the mesometrial compartment more likely accounts for this. Additional genes that are upregulated in mutant implantation chambers include Prl6a1 (formerly called Prlpb). The product of this gene is related to prolactins that are expressed in the placenta and uterus. In general, prolactins have important modulatory actions during the establishment of pregnancy and the initiation of parturition; thus, Prl6a1 could contribute, together with other key neoangiogenesis factors, to the enhanced angiogenesis seen in G60S implantation sites [24] .
The upregulation of proangiogenic factors in the mutant decidua would appear to be dependent on the CX43 G60S protein itself rather than on the associated reduction of gap junction channels and intercellular coupling it causes because the complete loss of CX43 led to the opposite effect [10] . We therefore propose that the mutant phenotype results from altered signaling cascades associated with accumulation of the mutated protein. It has to be taken into account that the complete loss of CX43 in the study of Laws et al. [10] led to a FIG. 7. Relative expression levels of angiogenic factors VEGFA, FLT1, and FGF2 as well as the decidual marker desmin in implantation sites at ED 6.5 as determined by immunoblotting. VEGFA and its receptor FLT1 were significantly upregulated in G60S implantation chambers, whereas no change was found for FGF2 (19-, 21-, and 24-kDa isoforms) or desmin. Right panel, densitometric analysis of immunoblots; the bars indicate SEM. *P , 0.05, significant versus WT decidua.
EFFECT OF CX43 MUTATION ON DECIDUAL ANGIOGENESIS loss of stromal differentiation into a decidual tissue and therefore the loss of neoangiogenesis. This could have been a secondary effect of having a nonfunctional decidua, which is not able to trigger angiogenesis.
Another interesting aspect of our results is that the number of uterine (u) NK cells was significantly decreased in the mesometrial decidua of the mutant mice, associated with the enhancement of angiogenesis. It is well documented that the onset of decidualization is characterized by a recruitment of uNK cells to the mesometrial decidua [35, 36] and that uNK cells promote angiogenesis by secreting VEGF, PLGF, and ephrin-2 [37] [38] [39] . Therefore, it was surprising to find a decreased number of uNK in the G60S implantation chambers. Although it has been shown that uNK cells are involved in mesometrial angiogenesis, recent results revealed that they are more responsible for regulating the stability of the sinusoids and vessels [40] , and thus their low numbers could explain the dilated appearance of the vessels in the mutant.
Trophoblast cells of the ectoplacental cone normally invade along the midline of the mesometrial decidua, eventually reaching the central channel and the maternal blood supply. Thus, the numerous dilated sinusoids in the mutant implanta- WINTERHAGER ET AL. tion sites may be responsible for a secondary effect-that is, to trigger disorientation of the placental cone cells. We propose that this disorientation of ectoplacental cone cells results in a distortion of placentation without disturbing the differentiation of placental cell lineages. There are numerous factors that have been shown to influence or control trophoblast invasion; however, most of those studies were performed on human trophoblast cell lines [41, 42] , and little is known about how those factors are involved in development of the mouse placenta. Placental development initially occurs in a physiologically low-oxygen environment, which is needed for appropriate placentation [43] . Based on our observations and those of other groups, murine trophoblast cells react to low oxygen concentration by altering the differentiation properties of giant cells [44] . HIF1a and HIF2a knockout mice [45] confirmed alterations in trophoblast lineage development that led to impaired vascularization of the placenta [41, 46, 47] . The giant cell lineages are especially sensitive to hypoxia, which could be the reason for enhanced invasion properties [48] . Unfortunately, nothing is known about how trophoblast cells react to nonphysiologically high oxygen concentrations, such as those that could be assumed to be obtained in the highly perfused G60S decidua. It is possible that the loss of orientation of invasion in the mutant results from the migrating trophoblast cells being guided by the oxygen gradient. Future studies will be needed to determine whether hyperoxia also alters the development of the different giant cell types [48] , leading to a less well perfused placenta.
In conclusion, the CX43 G60S mutant impairs decidual angiogenesis via upregulation of proangiogenic factors, resulting in an enhanced vascular network. This increased decidual perfusion is what we propose causes a disorientation of trophoblast invasion and, as a direct consequence, placentation. This phenomenon could contribute to a less effective placenta, resulting in reduced fetal weights and less viable pups. It is important to note that the mutated residue 60 in our mice is just one residue away from the P59H substitution in human CX43 that results from one of the many GJA1 mutations causing ODDD [49] . Regardless of the differences in structure between the murine and human placentas, it will be important to examine birth records for a possible association between mutations in GJA1, particularly that causing the P59H substitution, and fetal growth restriction.
